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Abstract 
This dissertation describes a rehydratable polyacrylamide (PA) gel-based approach 
for upholding solutions in nanoliter polydimethylsiloxane (PDMS) microwells. Gel 
precursor was dispensed into the microwells through a degassing method and was 
polymerized in situ. The microwells were covered by a thin porous PDMS membrane 
to maintain the gel inside the micro well. The kinetics of both dehydration and 
rehydration of the PA gel were studied, showing that the gel could shrink more than 
90% in volume and then recovered to its original volume within minutes. The PA gel 
preloaded in the microwells was used to uphold aqueous solution with the advantages 
of precise control in volume, ultrasmall sample consumption, and negligible dilution 
effect on the concentration of the sample. Through binding to the counter-microwell 
patch, an array of closed microchambers was formed in which two solutions were 
mixed via diffusion. 
The rehydratable PA gel provided an ideal medium to explore protein 
crystallization in convection-suppressed environment. Both batch method in 
microliter plate and free interface diffusion method in nanoliter microwells were 
adapted for four testing proteins to grow crystals. A comparison was made between 
the crystals growing in gel and the results from control experiments in solution, 
verifying that the PA gel was promising in protein loading and crystallization. The 
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Chapter 1 Introduction 
1.1 Introduction to protein crystallization 
In the post-genomic era, structural proteomics plays an important role on the way 
to human diseases therapy.' The target of structural proteomics is to study on the 
scale of genomes the three-dimensional structures of protein, which determine the 
biochemical and cellular functions of the protein, so as to establish a comprehensive 
correlation among the sequence, structure and function?""^ The most powerful method 
for structural characterization of protein is X-ray crystallography, which could 
provide structure information of a whole macromolecule at atomic level.^ A 
prerequisite using this technique is highly ordered crystals of the protein to achieve 
sufficient diffraction resolution for structural analysis. However, producing 
high-quality crystals still remains a challenge and thus is a major bottleneck in 
determining the structure of proteins. ^  
In fact, it is still not clear why some proteins can be crystallized easily while 
others would not produce well-ordered crystals. Protein crystallization is a 
complicated process influenced by a number of biophysical and chemical 
parameters.7 Moreover, the crystallization of proteins is different from that of small 
molecules in the complexity of the macromolecular structures and inter- / 
intra-molecule interactions, which may bring in a high chance of defects formation in 
the protein crystals and hinder efficient diffraction analysis.8 Therefore, for each 
protein with its unique property, it is almost impossible to make rational predictions 
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of the crystallization conditions. Nowadays protein crystallization is based on 
empirical screenings,^ a trial-and-error process that mixes the target protein with 
hundreds of precipitant agents, so as to find out the optimal conditions for 
crystallization. Efforts are dedicated in several aspects to improve the knowledge of 
growing protein crystals, including exploring the mechanism of protein 
crystallization, 10, u developing methods to grow crystals with better quality, 
increasing the through-put of screening experiments,^^' ^^  minimizing the amount of 
protein to be used/^"^^ and so on. The science of protein crystallization becomes an 
important, challenging and fast-developing area. 
1.1.1 Principles of protein crystallization 
Protein crystallization is a phase transition process comprising two major stages, 
nucleation and growth. Crystals start to grow when the protein solution reaches the 
appropriate supersaturation state, which is controlled by various factors, such as 
concentration of the precipitant and additives, pH, temperature, viscosity of the 
medium and so forth. A phase diagram is illustrated in Figure 1.1 to show the 
dependence of the saturation states of protein on various parameters. 
In the phase diagram, four zones are divided based on the degree of saturation: the 
precipitation zone, where the degree of supersaturation is so high that the protein 
precipitates into amorphous precipitations; the nucleation zone, where nucleation of 
the protein takes place; the metastable zone, where the supersaturation degree is 
further lowered and nucleation is suppressed under such state, but the growth of the 
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protein is favored if there already exist nuclei; the zone of undersaturation, where the 
protein is completely soluble and no crystallization will happen. 
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Figue 1.1 Schematic illustration of the phase diagram for protein crystallization.^® 
The ideal case for protein crystallization is a process that small nuclei initially 
form under the nucleation state of saturation, following the concentration of protein 
solution consequentially lowered to the metastable state where the nuclei grow into 
large crystals. If excess nuclei are formed at the initial nucleation stage, the 
concentration of protein would decrease sharply, hindering the further growth of the 
crystals and producing many smaller crystals. Therefore the best crystals are usually 
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obtained at the lowest possible supersaturation degree. 
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1.1.2 Classical methods to crystallize protein 
A number of methods have been established for crystallizing proteins. Among 
them, the most popular approaches include microbatch, vapor diffusion, dialysis, and 
22 
free interface diffusion (Figure 1.2). 
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Figure 1.2 Schematics of conventional methods for protein crystallization. (A), microbatch; (B). 
vapor diffusion; (C). dialysis; (D). free interface diffusion. 
Microbatch is the oldest technique used to crystallize proteins^ In a batch 
experiment, an undersaturated protein solution is mixed directly with a precipitant 
solution. Upon mixing, the solubility of the protein may be altered to yield a 
supersaturated state, which finally leads to crystal growth. Microbatch method has 
good reproducibility and simple experimental procedures. Commercial automated 
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systems have been developed based on microbatch method?^' 24 However, the fast 
mixing manner of the microbatch method is not suitable for proteins that require 
slow equilibration to achieve optimal growth.^ 
Vapor diffusion is the most popular approach to grow protein crystals.?’ 25 in a 
typical trial, a drop of protein and precipitant mixture sits on a surface and is 
spatially separated from a reservoir solution. The reservoir solution contains either a 
precipitant or simply a buffer. The concentration of the precipitant that initially added 
in the protein drop is lower than that required to produce nuclei, usually being half of 
the reservoir solution. Upon incubation, water is transported through the vapor phase 
from the drop to the reservoir, achieving the supersaturation state in the protein drop 
to grow crystals. Several protein drops could be built up with the same reservoir so 
that a broad range of crystallization conditions are screened simultaneous.^ Vapor 
diffusion method is also advantageous as it can be scale up to grow large crystals to 
meet the need of X-ray diffraction analysis.^^ 
Dialysis method involves using a semi-permeable membrane that allows a protein 
solution to be exposed to a potential crystallization condition in a diffusion manner. 
The external solution gradually promotes the saturation degree of the protein solution, 
finally resulting in crystal growth. Apart from conventional semi-permeable dialysis 
membrane, polyacrylamide gel plug with suitable pore size may also serve as the 
dialysis membrane? 
Free interface diffusion (FID) is a method that is identical in fundamental to the 
dialysis method. An interface is created between a precipitant solution and a protein 
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solution, which permits inter-diffiision over the interface?^' ^^  A concentration 
gradient that changes with time is finally established, which is used to selected the 
optimal supersaturation level for nucleation and growth. FID is the most powerful 
approach to study the optimized screening condition when the necessary 
precipitation conditions such as salt, pH，additives, are already known?^ 
1.2 Crystal growth in unique environments: the pursuit of 
better crystals 
1.2.1 Protein crystallization in space 
To achieve a good resolution of diffraction pattern, single crystal with the maximal 
length of at least 100 |im is prefered?® Study on the phase diagram of protein 
crystallization process has shown that the optimal situation is nucleating protein at 
higher supersaturation and growing the nuclei at lower supersaturation to achieve a 
controlled growth behavior.^' However, precise control over supersaturation is 
practically difficult to achieve. 
In 1984，two proteins were crystallized in a liquid-diffiision apparatus on the US 
space shuttle. Surprisingly, the crystals obtained in space were larger in size and 
better in visible quality compared to the crystals grown in control experiments on 
earth.29 Systematic studies have proved that crystallization under microgravity (10"^ g 
-10-6 g) improves the general quality of protein crystals and eliminates possible 
defects and dislocations in the c r y s t a l s . i � ’ 29-32 xhe mechanism of the better crystal 
quality under microgravity is not entirely clear. One possible and widely-accepted 
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explanation is that microgravity changes the mass transport of the crystallization 
system to mainly rely on diffusion, and effectively eliminates the density-driven 
convective flow at the surface of the rapidly growing crystals that induces disorder in 
crystals. 12 
Although crystallization under microgravity has yielded valuable results, it could 
not be universally applied by most investigators, since space shuttle is usually not 
available, and it is not practical to set up microgravity environment on earth. 
1.2.2 Crystallization in gel and capillary 
The quality of diffusitivity could be estimated by Grashof number (GV), which 
measures the ratio between buoyant force and viscous force: 
aAcad^ 
G^ = — — ； ~ 
where a is the solutal expansivity defined by a = (dp/dc)p, p being the mass density 
and c being the solute concentration; Ac is the concentration difference; g is the 
acceleration of gravity; d is the characteristic length; fj. is the kinematic viscosity of 
the medium. Apart from reducing the acceleration of gravity, strategies of either 
decreasing the characteristic length or increasing the viscosity will also result in a 
smaller GV. 
Crystallization in gel is thus an alternative to the microgravity condition, as the gel 
medium offers high viscosity as well as decreases the characteristic length to 
suppress convection. The crosslinking networks of the gels present small pores in the 
range of tens of nanometers to several micrometers, reducing the characteristic 
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length to be used to calculate the Grashof number. Usually the gel medium decreases 
the Grashof number by a factor of lO""* to 10'^ For example, for agarose gel, a 0.12% 
(w/v) concentration is enough to eliminate convection in protein crystallization 
medium.33 In addition, the gel medium is advantageous in establishing concentration 
gradient and better preserving crystals.^"^ 
Another alternative to cut down convection is using capillaries with small radius. 
In fact, the conventional FID method is based on a protein gradient established by 
diffusion inside capillaries. However, to completely eliminate convective flow, 
capillaries with diameter of less than 10 - 20 [im should be used, which is too small 
in size for diflfiraction analysis.^^ 
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Figure 1.3 Schematic illustration of the gel accupuncture method.''^ 
A better approach is incorporating gel in the capillary. Gel acupuncture technique 
is such an example (Figure 1.3).i4’36，37 Either the protein solution or the mixture of 
protein and gel is loaded in a glass capillary, and the capillary is punctured into a gel 
base. Precipitant solution is added on top of the gel base and diffuses through gels 
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into the capillary. Crystals are grown in the capillary without convection disturbance. 
1.3 Microfluidic methods for protein crystallization: high 
through-put screenings 
Traditional methods for protein crystallization screenings, though successful in 
obtaining crystals that meet the diffraction requirement, still have intrinsic drawbacks: 
(1) the efficiency of the screening is low since a variety of parameters need to be 
taken into account and hundreds of trials has to be built up manually. (2) The 
conventional vapor diffusion or microbatch methods typically require 0.5-1 |am 
liquid for a single trial,^^ which means that a single screen experiment consumes 
milligram quantity of protein, yet many biological samples are only available in 
microgram quantity. Therefore new technologies are demanded to increase the 
through-put of crystallization screenings and decrease the amount of protein required 
for each trial. 
One way to address these problems is using the liquid dispensing robots.'^ The 
robotic system makes hundreds of trials per hours with dispense volume of each time 
as small as 20 nL^^' ^^  However, the dispensing robot is not accessible in most 
laboratories due to the high cost. 
Recently several microfluidic chips have been developed to crystallize biological 
macromolecules. Not only does microfluidics have the advantage of manipulating 
liquids down to a few nanoliters, but it is also possible to set up various control and 
manipulation systems on microfluidic chips that allow doing a series of tests at the 
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same time. Fluidic motion and mass transport in the micron scale have some unique 
characteristics: fluid flows without turbulence; viscous force overcomes buoyant 
force, and convection is minimal; mixing of two parallel liquids relies mostly on 
diffusion, et al.^ ^ Moreover, most microfluidic chips are made of 
polydimethylsiloxane (PDMS), a transparent rubber material with simple procedure 
to fabricate and low cost. 
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Figure 1.4 Schematics illustrate the microfluidic devices for protein crystallization: (A) 
crystallization in valve-controlled FID chip; (B) crystallization in droplets; (C) crystallization in 
microchambers. 
1.3.1 Valve-controlled methods 
The first microchip used for protein crystallization, developed by Hansen et al, 
allows 48 potential crystallization conditions to be screened simultaneously in 144 
miniature FID chambers (Figure 1.4 A).^ ^ Liquid loading and mixing were controlled 
by PDMS pneumatic valves with accuracy in picoliter level and rendered negligible 
sample waste. The total 144 protein crystallization assays consumed only 3.0 }iL 
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solution which equaled 20 nL per reaction. The chip was successful in crystallizing 
membrane proteins and macromolecular complexes that encountered difficulty in 
crystallization by conventional methods. Because PDMS is permeable to air and 
water, a reservoir with well-established vapor pressure was attached via a thin PDMS 
membrane to the crystallization chamber, so that the supersaturation in each chamber 
could be finely controlled and crystallization proceeded in vapor-diffusion mode.4° 
1.3.2 Droplet-based methods 
Zheng and coworkers adapted microbatch method to a microfluidic chip in which 
7.5 nL droplets containing both protein and precipitant with various ratios were 
generated at a speed of a few trials per second (Figure 1.4 B).4i Inert and immiscible 
fluorocarbon oil separated the droplets in the PDMS microchannel and transferred 
them to glass capillary for long time storage and X-ray d e t e c t i o n . 4 2 The droplet 
method offers several flexible variations: effect of mixing rate on nucleation was 
explored by simply tuning the flow rate;*� dynamic control over supersaturation state 
to separate the nucleation and growth stages were realized via a two step sample 
i n j e c t i o n , incubation of the droplet in contact with a reservoir through a 
semi-permeable PDMS membrane concentrated or diluted the mother solution, so 
that a phase diagram on supersaturation, nucleation, and growth was established."^^' 46 
1.3.3 Microwell-based methods 
Our group developed a microwell-based method for high through-put screening of 
protein crystallization (Figure 1.4 C)."^ ^ Initially，protein and crystallization agents 
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were dispensed into microwells by degassed PDMS channels respectively. The 
channel layer was peeled off after dispensing the solutions and in the meantime a thin 
layer of oil covered on the microwells to preserve solution. Then the protein 
microwells were bound to the corresponding precipitant microwells, forming closed 
microchambers. The microwells may be made of PDMS, glass or poly(methacrylic 
acid) (PMMA), depending on the storage time required. More recently, a so-called 
slipchip method was demonstrated in both FID and microbatch screenings of protein 
growth.48’ 49 Two pieces of glasses embedded with either wells or channels were 
bound together. At first wells were connected through channels to load the samples 
by pipette, then one piece of glass was slipped so that wells containing the protein 
solution met the wells loaded the crystallization agents and the solutions started 
mixing. It should be noted that the surface of the glass chip was patterned to be 
hydrophobic with nanostructures in order to reduce solution loss during slip. Both 
methods introduced here were free of the bulky control systems required by 
valve-method and droplet method. 
The above-mentioned works show that microfluidics provides a number of 
approaches to screen protein crystallization at low cost, ultrasmall sample 
consumption, and high through-put. However, two issues are still open hindering the 
broad use of microfludic methods: the complicated manipulation of valves, syringe 
pumps and slipchips are not approachable to biochemists who lack experience in 
microfluidics; the crystallization in the convection-free environment created by 
microfluidic chips may not be able to scale up to larger volumes. 
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1.4 Objective of the project 
The nanoliter dispensing method and microwell-based platform developed in our 
group has been demonstrated successful in protein crystallization screenings. In the 
previous work, liquids were mixed directly through binding a couple of microwells, 
rendering protein crystals grown through a miniaturized batch mode. 
Herein, we are interested in using the dispensing method and microwell platform 
to develop a crystallization method on FID mode that is not only applicable at 
nanoliter level but could also be scaled up to microliter if necessary, hopefully to 
reduce the influence of convective fluctuation in liquid phase on the crystal quality 
(Figure 1.5). We learned from a mass of literatures the gel-based method to eliminate 
convective flow and combined it with the microwell chip. 
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Figure 1.5 Schematic of the gel-based microwell methods for protein crystallization. 
Polyacrylamide (PA) gel was chosen due to its extraordinary capacity and fast 
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kinetics of rehydration, by which solutions could be efficiently loaded into the gel 
bulk in a quick manner. The excellent biocompatibility and well-defined pore size of 
the gel granted an ideal medium for growing protein crystals. Studies on the 
polymerization of the PA gel in nanoliter microwells and the rehydration process of 
the gel are set forth in Chapter 2. We carried out the crystallization experiments of 
four testing proteins both in the microwell platform at nanoliter scale and in the 
microplates at microliter scale, verifying the feasibility of PA gel as a medium of 
upholding protein and growing crystals. Application of the gel-preloaded microwells 
in protein crystallization is dedicated in Chapter 3. 
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Chapter 2 Rehydratable hydrogel in nanoliter 
microwells 
2.1 Introduction 
Polyacrylamide (PA) gel is a widely-used material in electrophoresis,^® drug 
delivery，5i and biomacromolecule immobilization.^^ PA gel is a transparent polymer 
network with good mechanical strength and biocompatibility. The gelation of PA gel 
is through radical polymerization of an aqueous solution of acrylamide (monomer) 
and bisacrylamide (Bis, crosslinker), initiated either by Ammonium Persulfate or by 
photoinitiators at room temperature (Figure 2.1). Pore size of the gel is precisely 
controlled by tuning the feed ratio of the monomer to the crosslinker" 
——CH-|-CH2-CH-)^CH2-CH-(-CH2-CH-j^CH2— 
〜 C = 0 C = 0 C = 0 
H2C=CH 
、 ^ NH2 NH NH2 
H2C=CH c = O I 
U V CH2 
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I V A - 0 8 6 NH 
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Figure 2.1 Illustration of the photopolymerization reaction of PA gel. The monomer acylamide (A) 
and the cross-linking agent N,N'-methylene-bis-acrylamide (B) are mixed at a fixed ratio with 
the initiator VA-086 and the mixture is polymerized by UV irradiation to the PA gel (C). 
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A unique property of the crosslinked PA gel is that it is rehydratable: once exposed 
to aqueous liquid the dehydrated PA gel will avidly absorb water to regain its original 
shape and water content. The rehydrated PA gel possesses two advantages over 
native PA gel:54 (1) potential harmful component such as residue radicals, initiators 
and unreacted monomers are washed away so as not to interfere the gel function; (2) 
additives in the loading solution that will hinder the polymerization of PA gels can 
also be incorporated in the gel during rehydration. The rehydrated PA gel has already 
been used in isoelectric focusing and capillary electrophoresis with the excellent 
reproducibility and high resolution.，，’ 56 
Dry hot air 
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Figure 2.2 Illustration of the shrinkage and the rehydration of PA gel through controlling the 
content of inner water. 
Herein, a gel-based method for loading and sustaining sample solution in PDMS 
microwell is described. The PA gel was preloaded into the microfluidic chip 
embedded microwells and allowed shrinking to its minimum volume. Solution was 
dispensed automatically into the microwell by a degassing method, simultaneously 
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swelling the gel to a maximum volume of the microwell (Figure 2.2). The sample 
upheld by gel was easy to sustain during the dispensing and binding manipulations, 
and could be released through dififusion when mixed with other solutions. This 
method is simple and versatile and has good reproducibility. 
2.2 Experimental 
2.2.1 Fabrication ofSU-8 mould 
SU-8 mould with the designed feature was fabricated following the standard 
procedure of photolithography (Figure 2.3). 
The 3-inch silicon wafers (Luoyang single crystal silicon co.) were rinsed in a 20 
mL mixture of 3:1 H2S04/30% H2O2 (v/v) for 15 minutes, then washed thoroughly 
with deionized water and dried by a blow of compressed air, and at last placed in 110 
°C oven for at least 30 minutes. 
Two types of negative-mode photoresists, SU-8 2025 (Microchem) and SU-8 2100 
(Microchem), were used to fabricate moulds with variable feature heights. Important 
parameters of the photolithography procedures corresponding to each target device 
are listed in Table 2.1. Typically, a thin layer of photoresist was coated on the clean 
silicon wafer by spin coating. Then the wafer was soft-baked first on a 70 °C hotplate 
for the time t\ then on a 100 hotplate for time t2. After that, the wafer was 
removed from the hotplate, cooled down to room temperature, and exposed to an 
LED UV light for time 巧 with a shielding photomask on top of it. After exposure, the 
wafer was post-baked at 70 °C and 100 °C hotplate for time U and h respectively. 
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Then the photoresist on the wafer was developed by the SU-8 developer (Aldrich) to 
wash away the unexposed part, followed by thoroughly rinsing in isopropanol and 
drying by compressed air. Finally, to enhance the adhesion between the photoresist 
and the wafer and to smooth the cracks of the photoresist generated during 
developing, the SU-8 mould was hard-baked at 150 for 30 minutes. 
Table 2.1 Important parameters used in photolithography 
Feature Spin Soft bake Exposure* Post bake 
Photores , . , , , . � * , • � ， • � 
Target device height speed (mm) * (mm) (mm) 
ist , � 
(l^m) (rpm) ^ h h U h 
Microwell 2100 300 1700* 9 110 13.5 5 30 
Grid membrane 2025 20 3000 1 6 3.5 1 6 
MicroChannel 2025 25 2000 3 6 4 1 6 
* Repeat the procedure of spin coating photoresist twice to get a 300 |am thick layer of 
photoresist. 
•* Exposure time was calculated from the energy required to crosslink the photoresist and the 
power of the UV source. For the LED UV light used, the power is 0.8 mW/cml 
UV light 
働驗嫩 
siliconwafter Photomask 卩。^ !拍让㊀ 
PDMS I & develop 
Figure 2.3 Fabrication of SU-8 mould through photolithography and PDMS device by replica 
molding. 
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Before further use, the surface of the SU-8 mould must be modified through 
silanization to become nonsticky. To silanize the surface, the SU-8 mould was treated 
with air plasma (SPI Plasma-Prep II) for 2 minutes. Then it was placed in a vacuum 
desiccator together with a few drops of tridecafluoro-1,1,2,2-tetrahydrooctyl 
trichlorosilane (Gelest) and the desiccator was evacuated for 2 hours. After the 
silanization, the mould was thoroughly rinsed in a fluorocarbon oil FC3283 (3M) and 
dried by compressed air. 
2.2.2 Fabrication of the PDMS device 
The PDMS microchannels and microwells were fabricated by replica molding.^^ 
The base and curing agent of Sylgard 184 (Dow Corning) were blended sufficiently 
at a ratio of 10:1 (w/w). The mixture was degassing and casted on the SU-8 mould, 
and was then cured at 80 for 2 hours. After curing, the crosslinked PDMS was 
carefully peeled off from the mould. 
For the PDMS microwell covered with grid membrane, the fabrication process has 
four steps: first the 10:1 PDMS precursor was casted against the microwell mould 
and half-cured at 80 °C for 25 minutes and the cured PDMS patch embedded 
microwell was peeled off against the mould; at the same time, a thin layer of the 5:1 
PDMS precursor was spin-coated on the grid membrane mould at a spin rate of 6000 
rpm, and was half-cured at 80 °C for 14 minutes; then the thick PDMS patch of 
microwell was attached on top of the grid membrane layer with precise alignment 
under microscope, and the whole device was heated at 80 overnight for a 
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complete curing; finally, the thick PDMS patch of microwells covered with grid 
membrane was carefully peeled off against the mould (Figure 2.4). 
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Figure 2.4 Fabrication procedures of the multilayer PDMS device. 
2.2.3 Liquid dispensing in PDMS device 
A microfluidic chip was assembled by reversibly binding a PDMS patch of 
microchannels to a PDMS patch of microwells either with or without grid membrane. 
Before assembly, holes were punched at the terminals of each channel as the inlets 
for liquid dispensing. 
Liquid was loaded into the chip via the degassing method.*? The chip was first 
degassed in a vacuum desiccator at the vacuum level of -70 cmHg for 15 minutes to 
pump the residue air out of PDMS. After degassing, 1 fxL sample liquid was added by 
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pipette on the inlet of the dispensing channel. A pressure difference was generated 
between the internal microchannel and the external atmosphere, which drove the 
sample into the microchannels and microwells. It took around 5 minutes for the 
sample liquid to fill all the microwells completely. 
The microwells for sample loading were embedded in PDMS patch and sealed by 
a thin layer of grid membrane. Solution was transferred via a degassed PDMS 
method previously developed in our group: a closed chip was assembled by placing a 
PDMS patch with dispensing channels on the microwells and was pre-degassed, so 
that the solutions would automatically enter the chip driven by the force from the 
internal vacuum source. 
2.2.4 Polymerization of PA gel 
A 5 mL reaction solution for 5% PA gel was prepared in a round bottom flask by 
dissolving 10 mg photoinitiator 2,2-azobis[2-methyl-N-(2-hydroxyethyl) 
propionamide (VA-086, Wako) with 825 |iL 30% Acrylamide-Bisacrylamide (29:1) 
solution (Beyotime) and 4.18 mL deionized water. For the gel covalently staining by 
rhodamine B, deionized water was replaced by a 0.1% methacryloxyethyl 
thiocarbamoyi rhodamine B (Polysciences) solution. The flask was sealed by a rubber 
septa and the mixture solution was bubbled with nitrogen for 30 minutes before use. 
To obtain 4 mm x 4 mm x 3 mm (length/width/thickness) PA gels, square holes 
with a length of 4mm was cut from a flat 3 mm thick PDMS patch using a scalpel. 
Then the PDMS patch was placed on a clean glass slide. After injecting acrylamide 
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solution into the holes, another glass slide was covered on top of the PDMS patch. 
The whole device was illuminated by a 40 mW/cm UV light for 30 minutes to 
polymerize the PA gel. The cubic PA gels were free-standing after peeling off glass 
slides. 
To polymerize PA gel in PDMS device, a custom-built desiccator was used for 
dispensing the solution into the device by the degassing method. All the operations 
were carried out under nitrogen protection. The chip was illuminated by the UV 
source for 30 minutes. 
2.2.5 Drying and Rehydration of PA gel 
All PA gel used was washed by deionized water for 3 times, 30 minutes for each 
time. After washing, the gel was first dried either at room temperature or in 50 
oven. The weight of the gel was monitored by electronic balance to make sure the gel 
was completely rehydrated. Dry PA gel was immersed in aqueous solution to achieve 
rehydration. For the PA gels stored in the microchip, liquids were dispensed into the 
microwells by the same approach as mentioned in 2.2.3. 
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2.3 Results and discussions 
2.3.1 Preparation of PA gel in PDMS device 
謹 觀 
(A) (B) 
Figure 2.5 Micrographs of the dried PA gels in PDMS microwells. The gel was dispensed in 
microwell either in air (A) or under nitrogen protection (B) prior to polymerization. Upon drying, 
the gels without sufficient polymerization degree shank into amorphous precipitations while the 
gels with good quality maintained the cubic shapes. Scale bar: 400 
Synthesis of PA gel in PDMS device is a notorious challenge. The polymerization 
of PA gel is highly sensitive to oxygen, an effective radical quencher. For example, 
the solutions used for polymerization must be thoroughly degassed to eliminate the 
dissolved oxygen for protein separation using SDS-PAGE, otherwise the gel would 
have very low mechanical strength or even not be polymerized at all.^ ^ To produce 
PA gel in PDMS device, simply removing the oxygen in the gel solution is far from 
enough. Direct loading and crosslinking the degassed gel solution in PDMS chip 
only produced viscous oligomer solutions instead of elastic gel (Figure 2.5 A). 
Several factors may contribute to the failure of crosslinking the gel solution in the 
PDMS microchip. First of all, PDMS is permeable to air and many other small 
molecules.58’ 59 when the degassed gel solution entered the chip, oxygen would 
diffuse through PDMS walls into the solution and quench the radical polymerization 
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reaction. Second, the time required for the solution to be dispensed into the chip is 
too long to keep the low oxygen content. Oxygen might diffuse into the solution not 
only through the PDMS walls, but also via the inlets of the dispensing channels. 
Third, PDMS is a rubber material polymerized through a hydrosilylation reaction in 
the presence of Pt catalyst. The residue monomers and metal compound in PDMS 
might also inhibit the process of polymerization. 
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Figure 2.6 Schematic of the desiccator used for degassing the PDMS device and dispensing the 
gel solution under nitrogen protection. 
To minimize the influence of oxygen on gel polymerization, a custom-built 
desiccator was used (Figure 2.6), connecting to either a vacuum pump or a nitrogen 
source via a double-rowed pipe. The chip was placed in the center of the desiccator, 
which was degassed and filled with nitrogen. The oxygen-free gel solution was 
transferred by a syringe to the inlets of the dispensing channels to ensure the solution 
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dispensed into the chip without oxygen contamination. After dispensing, the chip was 
kept under the nitrogen environment for another 30 minutes to saturate PDMS with 
nitrogen so that the diffusion rate of oxygen through the PDMS walls could be 
slowed down. Then the chip was moved out of the desiccator for UV illumination. To 
further avoid oxygen entering the dispensing channels, all the inlets were sealed by 
scotch tape as soon as UV illumination started. PA gel polymerized by this method 
possessed intact cubic shape (Figure 2.5 B). 
2.3.2 Immobilization of PA gel in microwells 
PA gel is a highly hydrophilic polymer that has low affinity to the hydrophobic 
PDMS, thus it was easily detached from the PDMS surface and removed from the 
microwells during washing and rehydration. Some literatures reported modifying the 
surface of the PDMS channel with a vinyl-terminated silane so that the gel could be 
immobilized onto the surface via covalent b o n d s . H o w e v e r , this method did not 
work well in the PDMS microwells, perhaps because the silane solution cannot flow 
through the closed microwells. 
To stabilize the gels inside the chip, a thin layer of PDMS membrane was applied 
to cover the microwells. Small holes with the diameter of 30 i^m were embedded in 
the 10 |Lim-thick membrane, which acted as a barrier to PA gel escape out of the 
microwells while the solutions could still be transported through the holes. 
2.3.3 Dehydration and Rehydration of PA gel 
The PA gels were first rinsed with water thoroughly to wash away soluble 
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substances inside the gel, including residue monomers, initiators, and short-chain 
oligomers. Not only did the washing step clean the gel to eliminate the potential 
contamination, but it helped sustain the shape of the gel in the dehydration and 
rehydration processes as well. 
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Figure 2.7 Plot the relative weight of PA gel versus the time the gel took either for dehydration or 
for rehydration. The error bars were calculated from 3 independent measurements. 
The dehydration and rehydration kinetics of bulk gel cubes (4 mm x 4 mm x 3 mm) 
was studied (Figure 2.7). It took about 4 hours for the gel cube to reach a plateau of 
minimum water content, 5.4% of the original weight. Note that the initial weight 
concentration of acrylamide monomer in the gel solution was 5%. Assuming that 
most monomers were polymerized into the gel network, the residue water content in 
the dehydrated gel was only around 10%, which was a very low value for the highly 
hydrophilic PA gel. Rehydration to its original state was fast within the first 60 
minutes and the rate slowed down as about 90% of the original weight was recovered. 
The gel on average recovered over 95% of its original weight after an incubation of 3 
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hours, and the water content reached to the original level after 10 hours. 
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Figure 2.8 Micrographs of the dehydration process of the PA gel entrapped in microwells at room 
time for (A) 30 seconds, (B) 5 minutes, and (C) 20 minutes respectively. Scale bar: 1 mm. 
The dehydration process of the PA gel slabs in microwells was monitored by 
microscope (Figure 2.8). The gel lost water quickly even at room temperature. To 
estimate the volume change of the gel, an assumption was made that the gel was 
isotropic and would shrink homogeneously in every direction. The gel shrank to 21% 
of its original volume after exposure to air for 5 minutes, and a maximum shrinkage 
of 7.2% was achieved after only 20 minutes. The same shrinkage state was observed 
when the gel was dehydrated in 50 for 10 minutes. 
Rehydration of the PA gel is a reversal process of dehydration. In Figure 2.9，PA 
gels were polymerized in the microwells and stained with methylene blue by 
physical adsorption to facilitate observation. Then the yellow dye solution was 
introduced into the chip by the degassing method, and gradually filled the microwells 
through the holes on the grid membrane. The gel started to rehydrate as soon as it 
met the yellow solution and reached a maximum rehydration volume after around 4 
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minutes. We reasoned that the rehydration rate of the gel may be restricted by the 
slow rate of the liquid dispensed into the microwell, as the liquid had to cross the 
small holes in the membrane. 
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Figure 2.9 Micrographs of the rehydration process of the PA gel in food dye solution at room 
temperature for (A) 0 seconds, (B) 20 seconds, (C) 80 seconds, (D) 120 seconds, (E) 240 seconds, 
and (F) 300 seconds, respectively. Scale bar: 200 |im. 
To get a clearer view of the fast rehydration process, the rhodamine B stained gel 
was synthesized in open microwells without grid membrane shielding, and the 
swelling of the gel was pictured by confocal microscope. A fluorescein solution (100 
^M, pH 9.5) was introduced into the microwells also by the degassing method. As 
soon as the gel got in contact with the aqueous solution, it started to rehydrate. After 
only 2 minutes the rehydrated gel filled the entire microwell (Figure 2.10). 
It was reported that a 60-120 |Lim slab of PA gel took only 20-30 seconds to reach a 
maximum degree of rehydration when immersed in buffer.^ ^  In our experiment, the 
gel in the microwell was about 300 [im in thickness. The thicker the gel is, the more 
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time it required for the water to diffuse into the gel bulk. Moreover, the restriction of 
the grid membrane slowed down the dispensing of the solution, which was also 
responsible to the longer time of rehydration. 
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Figure 2.10 Fluorescence confocal micrographs of the rehydration process of the PA gel stained 
by rhodamine B (red) in a fluorescein solution (green). Scale bar: 400 \im. 
2.3.4 Liquid dispensing in the gel-preloaded microwells 
The liquid dispensing efficiency of the gel-assisted method was tested by food dye 
solutions (Figure 2.11). Dye solutions of four different colors were introduced into 
the microwells preloaded PA gels by degassing PDMS microchannel. After the 
maximum swelling of the gel, the dispensing channel layer was peeled off, leaving 
the sample loaded microwells open to air. No detectable solution loss or 
cross-contamination was observed in this step. 
A concentration gradient could be established in an array of microchambers 
containing the same solutions but variable concentrations. Herein, FeCb and KSCN 
of four concentrations were introduced respectively into two pieces of PDMS patches 
embedded microwells. For the sake of an efficient mixing, microwells loading KSCN 
were gel-free and not covered by grid membrane. After peeling off the dispensing 
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channel, two PDMS pieces were bound together, forming closed microchambers in 
which the solutions were mixed immediately. A gradient of red color was set up as 
seen in Figure 2.1 IC. 
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Figure 2.11 Micrographs of the dye solutions loaded microwells (A) before and (B) after peeling 
off the dispensing channel, and (C) a 4 x 4 gradient array of microchambers containing 
Fe(SCN)x3-x solution. Scale bar: 1mm. 
It is worth mentioning that both peeling off and binding were conducted in air 
instead of in silicon oil as we previously did.47 The two potential problems associated 
with oil was herein eliminated: the alignment of the two microwell layers were 
difficult in oil due to the slip between the two PDMS patches; mixing of the solutions 
had to first overcome the thin layer of the oil by slight pressing the upper PDMS 
layer against the bottom layer, yet the operation may squeeze solution out. However, 
due to the nanoliter volume of each microwell, the evaporation of the liquid in the 
microwells was fast once the well was open to air. Therefore, the two microwell 
patches had to be bound immediately after peeling off the dispensing PDMS patch to 
avoid loss of water in the sample liquid. 
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2.4 Conclusion 
PA gel was successfully gelated in PDMS microwells using nitrogen-protected 
dispensing and photopolymerization. With the grid membrane on microwell chip, the 
gel was confined inside the microwells. The dehydration and rehydration rate of the 
gel was highly dependent on its size. It took 4 hours for the 3mm-thick gel cube to 
reach the driest state and 3 hours to regain 95% of its original weight. For the thin gel 
slab in microwell, the dehydration and rehydration processes were much fast: 10 
minutes were enough for a complete dehydration and maximum rehydration. Sample 
solutions were dispensed into the microwells preloaded dehydrated PA gel by the 
degassing method and rehydrated the gel along with dispensing. Peeling off the 
dispensing channel patch and binding the microwell patches to form microchambers 
were successfully carried out without oil protection. 
I 
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Chapter 3 Protein crystallization by gel-based 
FID 
3.1 Introduction 
As discussed in Chapter 1, protein crystallization under diffusion-dominated and 
convection-free environment tends to yield crystals of higher q u a l i t y ] 2’ 20 Based on 
this concept, various methods including dialysis, FID, and crystallization in gel have 
been developed for protein crystallization screenings. While these methods achieved 
success in obtaining protein crystals, they suffered the shortcomings of large protein 
consumption and low efficiency. The microfluidic FID chip overcame the two issues 
encountered by conventional methods.^^' 49 However, new problems were presented, 
including the sophisticated handling of the microfluidic devices and difficulty in 
scaling up the methods to larger volumes. 
Crystallization in the presence of gel gave us a hint on creating a scalable 
convection-suppressed environment for protein crystals. One concern with the gel 
medium for crystallization is that proteins may trap gel network into the crystals 
instead of pushing it out.^^ However, experiments have proved that some proteins 
still possess single crystal property and exceptional diffraction quality, in spite of the 
embedded gel up to 20%.^^ Another issue concerning the gel-based methods is what 
kind of gel is appropriate as the medium to carry protein molecules and crystals. The 
gel should have good mechanical property, chemical inertness and simple gelation 
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procedure. Of the gels that have been reported as mediums for crystallization, 
agarose and silica gel are the most popular ones due to their simple gelation 
chemistry. However, they are still far from perfect: agarose transits from solution 
phase to gel state by changing temperature, while the gelation process of silica gel 
involves pH change. One has to pay special attention to avoid denaturing the protein 
or changing its solubility, if protein is mixed with the gel solution prior to gelation. 
Moreover, it was reported that the agarose gel could be precipitated in the presence 
of ammonium s u l f a t e , a most often used crystallization agent. 
Compared with agarose and silica gel, PA gel is superior in its excellent chemical 
stability and clean chemistry of polymerization. It is surprising that there is very few 
research using PA gel to crystallize p r o t e i n . ? We proposed that the rehydratable PA 
gel could conveniently load protein by rehydration and be used as the medium for 
crystallization, with a slight dilution effect on the protein concentration of no more 
than 10%. To confirm the viability of grown protein crystal in PA gel, four kinds of 
model proteins were crystallized in microplate with PA gel as the medium upholding 
the protein molecules. Then the crystallization method was optimized by using the 
PDMS microwell chip introduced in Chapter 2，to perform crystal growth at nanoliter 
level. Crystals of the four types of proteins were all harvested by both microbatch 
and microchip method. 
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3.2 Experimental 
3.2.1 Conditions used for crystallize proteins 
Four model proteins were used for the crystallization test. The crystallization 
conditions for each protein are shown in the Table 3.1. 
Table 3.1 Proteins and the corresponding precipitants used for the crystallization test.* 
Protein name Protein solution Precipitant solution 
1.5 M potassium sodium tartrate tetrahydrate 
t l . 50 mg/ml in 0.1 M • … ， 
Thaumatin . . in 0.1 M 
…，，� N-(2-acetamido)immodiacet , . 丄 , � i • • , , . 
(Wako) (4-(2-hydroxyethyl)-1 -piperazineethanesulfoni 
ic acid buffer, pH 6.5 c acid)(HEPES) buffer，pH 7.5 
Chicken 
egg-white 60 mg/ml in 50 mM sodium 2.0 M sodium formate in 0.1 M sodium acetate 
lysosyme acetic buffer, pH 4.7 trihydrate buffer, pH 4.6 
(Wako) 
Xylanase ^^ mg/ml m 43% (w/v) • 2 m calcium chloride in 28% (v/v) PEG 400’ 
(Sigma-Aldrich) / ； f 二 ， , 0.1 M HEPES buffer, pH 7.5 
6 ) phosphate buffer, pH 7.0 
Horseradish ^ mg/ml in 0.1 M phosphate 0.2 M calcium chloride in 28% (v/v) PEG 400’ 
peroxidase buffer, pH 7.2 0.1 M HEPES buffer, pH 7.5 
(Sigma-Aldrich) 
* All the reagents were filtered through 0.2 \xm membrane prier to use. 
3.2.2 Protein crystallization by microbatch method 
A 72 orifices microplate was used in the microbatch experiment. 1 )iL 5% gel 
solution was degassed for 10 minutes and transferred to the plate by pipette, followed 
by the UV-initiated polymerization. The gel was then dehydrated in 50 °C oven for 2 
hours. 1 i^ L protein solution was then dripped on top of the dry gel and was 
immediately covered by 5 i^L paraffin oil. The protein solution was then incubated 
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overnight to allow a complete absorption into the gel networks. The crystallization 
trial started when 1 i^L precipitant solution was added to the rehydrated gel. Six 
parallel experiments were carried out for each protein. The protein crystals were 
examined by a polarized light microscope (Leica MZ 16) coupled with a CCD 
camera (SPOT Insight, Diagnostic Instruments). 
3.2.3 Protein crystallization in microchip 
Procedures for PA gel polymerization and dehydration, and protein solution 
dispensing followed the same procedures elucidated in Chapter 2. Before use, the 
microfluidic chips were immersed overnight in deionized water. Protein solution was 
introduced into the micro wells and simultaneously rehydrated the preloaded gel. 
Precipitant solution was dispensed in the microwell chip without grid membrane or 
gels. The two chips were bound together so that the precipitant solution diffused into 
the gel and mixed with the protein solution. The protein crystals were monitored by 
the polarized light microscope. 
3.3 Results and discussions 
There are two conventional approaches to load protein into the gel. One is directly 
adding protein into the gel precursor so that the protein molecules were incorporated 
in the gel network together with gelation. The other is placing the gel into a stock 
protein solution, and protein molecules gradually diffuse into the gel. The former 
approach, as discussed in 3.1，should be used prudently as it faces the risk of 
denaturing protein. While the latter approach is much safer concerning the better 
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preservation of protein, it is time-consuming and requires a protein stock with high 
concentration. 
The use of rehydratable PA gel overcomes the problems of the conventional 
methods in several aspects: First, the gel was pre-washed before use and has good 
biocompatibility, so the safety issue of using the gel for protein crystallization was no 
longer a concern. Second, only 1 \iL protein solution was sufficient for all the 16 
microwells, cutting down the protein consumed. Third, the gel was dehydrated prior 
to use to a dry state that was below 10% of its original volume, so the protein 
solution still maintained at least 90% of the initial concentration after rehydration. 
Fourth, the rehydration of the gel was fast in kinetics, addressing the time-consuming 
issue. 
3.3.1 Crystallization in microplate 
Microbatch is one classic method of crystallizing proteins. To explore the 
feasibility of growing crystals in PA gel, crystallization of four model proteins were 
tested by absorbing the protein in PA gels before exposing to the precipitant in 
72-hole microplate. Control experiments with the same parameters but in the absence 
of the gels were also carried out for comparison. 
The results verified that PA gel was a decent medium for all four cases (Table 3.2): 
all the parallel trials yielded crystals with clear edge for each protein. However, a 
comparison with the solution batch experiments revealed variations for the four 
proteins: 
3 6 
In the case of lysosyme, both gel and solution experiments yielded large crystals 
with hexagonal morphology typical for lysosyme. The crystals grown in gel were 
slightly smaller in general, but the crystals appeared in solution were fewer, larger, 
and sometimes with defects in morphology. It was reasonable to suggest that under 
the microliter environment, convective mass transport in solution could bring in 
defects in the process of crystal growth, while in the gel scaffold the chance of 
convective mixing was reduced. 
Table 3.2 Polarized light micrographs of protein crystals grown by batch method in the presence 
of PA gel and in so ution. Scale bar: 200 
Type of Crytal growth in the presence of Crytal growth in the absence of 
protein PA gel gd 
：••關圍 
However, in the case of thaumatin, the crystals grown by the gel method were 
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much more in quantity and smaller in appearance, though they still had the typical 
tetragonal morphology. This phenomenon gave us a clue on one possible restriction 
effect of the PA gel: promoting the possibility of nucleation. Such effect has been 
reported in agarose with the solid content larger than 0.5%,^^ and the effect is 
especially significant when the pore size of the gel is reduced to a few nanometers.^^ 
Here for the 5% PA gel in the experiment, the pore size is around 100 run,67 which is 
slightly smaller than the 0.5% agarose gel with the pore size about 500 nm.^ ^ 
Crystallization of xylanase and HRP are kinetically different from the former two 
proteins. Upon mixing the protein solution and the precipitant, an immediate 
precipitation occurred, out of which crystals were grown after hours. In the gel 
medium where mixing was slowed down, both proteins had stacking plate-shaped 
crystals grown several hours after setting up the trials. In the parallel solution 
experiments, the crystals observed were generally smaller and sometimes had only 
small needle-like morphology. 
It is also worth mentioning that the slight dilution effect of the gel did not interfere 
with the crystallization trials. All the batch setups yielded protein crystals. 
3.3.2 Crystallization in microwells 
Microbatch method, though simple in handling, is labor-intensive for large scale 
experiments and exhausts large amount of samples. Microwell-based approach was 
in principle similar to the microbatch method with gels.47 However, the sample 
consumption using microwells was much lower: only 48 nL protein solution was 
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required for each microwell. Here the chip with 16 microwells was used as a 
demonstration, and it could be scaled up to perform tens of trials simultaneously. 
For microwell manipulations dealing with protein solution, it is often intractable 
that the protein molecules tent to adsorb on the hydrophobic PDMS surface and 
changed the surface to be hydrophilic. After that, the protein solution would easily 
escape during the process of peeling off the dispensing channel and binding with the 
counter-microwells. The solid-like gel solved this issue by upholding the protein 
solution during the multi-step operations. 
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Figure 3.1 Polarized light micrographs of the protein crystals grown in gel-preloaded microwells. 
(A) and (B): lysosyme; (C) and (D): Thaumatin; (E) and (F): xylanase; (G) and (H): HRP. Scale 
bar: 200 \xm. 
As shown in Figure 3.1，crystals of the testing proteins were grown in the 
gel-preloaded microwells, specifically inside the bulk gels. Though the crystals were 
universally large in size, they were most likely to grow by the wall of the PDMS 
microwells, especially for lysosyme and thaumatin. We reasoned that the gel was not 
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chemically attached to the wall of the microwells, leaving small gaps between the gel 
bulk and the wall. The free protein molecules in the gaps may promote the 
heterogenous nucleation on PDMS wall. Our experiences dealing with xylanase and 
HRP were that they tent to grow into small needle-shaped crystals in nanoliter 
volume. But in Figure 3.1 in the gel loaded microwells, both proteins had crystals 
grown into plate-like morphology. In fact, the results from both nanoliter and 
microliter scale implied that the PA gel played a positive role in obtaining crystals of 
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Figure 3.2 Polarized light micrographs of the crystals grown in the absence of PA gel in 
microwells. (A) and (B): lysosyme; (C) and (D): HRP. Scale bar: 200 |_im. 
This method of combining microwell and gel together was defined to FID instead 
of batch is because both gel and membrane acted as eliminators of convective 
fluctuations. The grid membrane, which was used primarily to confine the gel in the 
mcirowell, in the meantime minimized the contact area between the protein and the 
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precipitant. The dual functions of the membrane were verified by the crystallization 
trials without PA gel, as revealed in Figure 3.2. Lysosyme crystals grown in the 
absence of PA gel showed much lower chance of growing by the wall, again proving 
the impact of gel on heterogeneous crystal growing. 
The solutions in the PDMS microchambers were incubated for 3 days without 
significant loss of water. Prolonging the incubation time gradually dried the solution. 
PDMS is composed of the loose network of silicon rubber and is permeable to water 
vapor. To help preventing evaporation of the aqueous solution, the chip was 
immersed in water-saturated paraffin oil and then incubated in a desiccator with a 
humidity level up to 97%. 
3.4 Conclusion 
The rehydratable PA gel was successfully used as the medium for growing protein 
crystals. Protein molecules were loaded in the gel through the rehydration process 
with trivial dilution effect on the concentration of the original stock solution. In the 
microbatch trials, the gel-based method yielded crystals with relatively better quality 
for lysosyme, xylanase and HRP. Apart from the success in the three proteins, 
thaumatin revealed a higher chance of nuclei formation in the gel medium, probably 
due to the limited space in the gel network. The FID crystallization in microchambers 
containing protein-loaded PA gel was also fruitful in growing protein crystals. Both 
the gel medium and the grid membrane made contributions to the FID method in 
reducing fluidic fluctuations. The rehydratable PA gel was quick and sample-saving 
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in holding proteins, and displayed great potential in protein crystallization at both 
microliter and nanoliter level. 
4 2 
Chapter 4 Conclusions 
4.1 Summary of the work 
This dissertation describes a PA gel-based microfluidic method to uphold aqueous 
sample precisely at nanoliter scale and dedicates an application of the method in FID 
protein crystallization. 
The microwells for sample loading were embedded in PDMS patch and sealed by 
a thin layer of grid membrane. Solution was transferred via a degassed PDMS 
method previously developed in our group: a closed chip was assembled by placing a 
PDMS patch with dispensing channels on the microwells and was pre-degassed, so 
that the solutions would automatically enter the chip driven by the force from the 
internal vacuum source. PA gel solution was introduced into the chips with 
microwells under nitrogen protection and was polymerized into solid-like network. 
Entrapped by the grid membrane, the gel could easily be washed and dried. When the 
sample solution was dispensed in the microwells, it simultaneously rehydrated the PA 
gel. Both the dehydration and the rehydration of the PA gel in microwells took 
several minutes. Absorbed in the gel phase, the solution was upheld during 
manipulations on the microwells such as peeling off the PDMS patch of dispensing 
channel and binding to the counter-micro well. The rehydratable gel was feasible to 
conduct, sample-saving and had good reproducibility in upholding aqueous solutions. 
To demonstrate its potential benefit as the crystallization medium, we used the 
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rehydrated PA gels to crystallize four proteins and obtained crystals. The trials of 
protein crystallization were at microliter scale by microbatch method in microplate, 
and also at nanoliter scale by FID method in PDMS chip with 16 microchambers. 
Both methods were verified to be productive in producing protein crystals with good 
morphology and large size. 
The gel-based FID method in microwells possessed several advantages: (1) The 
dispensing method using degassed PDMS avoided the complicated operation of the 
sample loading and control apparatuses; (2) Introducing solution in the dehydrated 
gel took only several minutes and the original concentration was changed no more 
than 10%; (3) The gel network helped upholding the protein solution and provided a 
diffusion-dominated medium during crystallization. 
To conclude, rehydratable gel-loaded microwell platform is simple and 
reproducible in uphold aqueous samples. The gel content has great potential as the 
medium for protein crystallization. This platform should also be promising in a wide 
range of applications including cell encapsulation, controlled drug release, and 
surface patterning. 
4.2 Future perspectives 
All the crystallization experiments elucidated in this dissertation were based on 
testing proteins and their model conditions to prove the feasibility of the rehydratable 
gel in protein crystallization. To make the method adaptable to high through-put 
screening of new proteins, several issues are needed be addressed: 
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(1) The current design only performed 16 trials on each chip with four variable 
conditions. It should be expanded to allow more trials performed per chip. 
(2) Glass chips should be used to replace PDMS. The PDMS chip have the 
shortcomings of being permeable to oxygen gas which is harmful to the gel 
polymerization, inability to immobilize the gel covalently, and losing water upon 
long time incubation. All these problems could be solved by using the glass chips. 
(3) The thin layer of grid membrane on the microwell functioned as a barrier not 
only preventing gel escaping but also decreasing the interface area of the protein and 
precipitant. Although the combination of grid membrane with PA gel did well in most 
cases for protein crystallization, as revealed in Chapter 3，it was difficult to 
distinguish which part actually took the responsibility to the results. With the glass 
microwell that could immobilize gel on the surface, it will be possible to perform 
experiment using gel alone. 
4 5 
Reference 
[1] Skolnick, J.; Fetrow, J. S.; Kolinski, A., Nat. Biotechnol. 2000,18, 283. 
[2] Brenner, S. E., Nat Rev. Genet 2001,2, 801. 
[3] Yee, A.; Pardee, K.; Christendat, D.; Savchenko, A.; Edwards, A. M.; Arrowsmith, C. H., Accounts 
Chem. Res. 2003,36,183. 
[4] Zhang, C ; Kim, S. H., Curr. Opin. Chem. Biol. 2003, 7, 28. 
[5] Sail, A.; Glaeser, R.; Earnest, T.; Baumeister, W., Nature 2003,422, 216. 
[6�Chayen, N. E., Trends Biotechnol. 2002,20, 98. 
[7] McPherson, A., Crystallization of Biological Macromolecules. Cold Spring Harbor Laboratory Press: 
Cold Spring Harbor, 1999. 
[8] Durbin, S. D.; Feher, G., Annu. Rev. Phys. Chem. 1996,47,171. 
[91 Jancarik, J.; Kim, S. H., i. Appl. Crystallogr. 1991,24, 409. 
[10] Drenth, J., Principles of protein X-ray crystallography. Springer Verlag: 1999. 
[11] ten Wolde, P. R.; Frenkel, D., Science 1997,277,1975. 
[12] DeLucas, L. J., Drug Discov. Today 2001, 6, 734. 
[13�Snell, E. H.; Weisgerber, S.; Helliwell, J. R.; Weckert, E.; Holzer, K.; Schroer, K., Acta Crystallogr. 
Sect. D-Biol. Crystallogr. 1995,51,1099. 
[14] Garciaruiz, J. M.; Moreno, A., Acta Crystallogr. Sect. D-Biol. Crystallogr. 1994,50, 484. 
[15] Chayen, N. E., Structural Genomics, Port C, Elsevier Academic Press Inc: San Diego, 2009. 
[16] Hui, R.; Edwards, A., J. Struct Biol. 2003,142,154. 
[17] Stevens, R. C , Curr. Opin. Struct. Biol. 2000,10, 558. 
[181 Hansen, C ; Quake, S. R., Curr. Opin. Struct Biol. 2003,13, 538. 
[19�Zheng, B.; Gerdts, C. J.; Ismagilov, R. F., Curr. Opin. Struct. Biol. 2005,15, 548. 
[20] Chayen, N. E., Curr. Opin. Struct Biol. 2004,14, 577. 
[21�Saridakis, E.; Chayen, N. E., Biophys. J. 2003, 84,1218. 
[22] Chayen, N. E.; Saridakis, E., Nat Methods 2008,5,147. 
[23] Chayen, N. E.; Stewart, P. D. S.; Baldock, P., Acta Crystallogr. Sect D-Biol. Crystallogr. 1994, 50, 
456. 
[24] Stewart, P. D. S.; Khimasia, M., Acta Crystallogr. Sect D-Biol. Crystallogr. 1994,50, 441. 
[25�Chayen, N. E., Acta Crystallogr. Sect D-Biol. Crystallogr. 1998,54, 8. 
[26�Zeelen, J. P.; Wierenga, R. K., J. Cryst. Growth 1992,122, 194. 
[27�Salemme, F. R., Arch. Biochem. Biophys. 1972,151, 533. 
[28] McPherson, A., Eur. J. Biochem. 1990,189,1. 
[29] Littke, W.; John, C., Science 1984,225, 203. 
[30] McPherson, A.; Malkin, A. J.; Kuznetsov, Y. G.; Koszelak, S.; Wells, M.; Jenkins, G.; Howard, J.; 
Lawson, G., J. Cryst. Growth 1999,196, 572. 
[31] Delucas, L. J.; Smith, C. D.; Smith, H. W.; Vijaykumar, S.; Senadhi, S. E.; Ealick, S. E.; Carter, D. C ; 
Snyder, R. S.; Weber, P. C ; Salemme, F. R.; Ohiendorf, D. H.; Einspahr, H. M.; Clancy, L L; Navia, M. 
A.; McKeever, B. M.; Nagabhushan, T. L ; Nelson, G.; McPherson, A.; Koszelak, S.; Taylor, G.; 
Stammers, D.; Powell, K.; Darby, G.; Bugg, C. E., Science 1989,246, 651. 
4 6 
[32] Littke, W.; John, C , J. Cryst Growth 1986, 76, 663. 
[33�Garcia-Ruiz, J. M.; Novella, M. L ; Moreno, R.; Gavira, J. A., J. Cryst. Growth 2001,232,165. 
[34] Mahmud, G.; Bishop, K. J. M.; Chegel, Y.; Smoukov, S. K.; Grzybowski, B. A., J. Am. Chem. Soc. 
2008,130, 2146. 
[35] Garcia-Ruiz, J. M., Mocromoleculor Crystallography, Pt C, Academic Press Inc: San Diego, 2003. 
[36] Moreno, A.; Soriano-Garcia, M., Acta Crystallogr. Sect. D-Biol. Crystallogr. 1999,55, 577. 
[37] GarciaRuiz, J. M.; Moreno, A., J. Cryst Growth 1997,178, 393. 
[38] Squires, T. M.; Quake, S. R., Rev. Mod. Phys. 2005, 77, 977. 
[39] Hansen, C. L ; Skordalakes, E.; Berger, J. M.; Quake, S. R., Proc. Natl. Acad. Sci. U. S. A. 2002, 99, 
16531. 
[40] Hansen, C ; Classen, S.; Berger, J.; Quake, S., 2006,128, 3142. 
[41] Zheng, B.; Roach, L. S.; Ismagilov, R. R, J. Am. Chem. Soc. 2003,125,11170. 
[42] Zheng, B.; Tice, J. D.; Roach, L S.; Ismagilov, R. F., Angew. Chem.-Int Edit. 2004,43, 2508. 
[43] Chen, D. L ; Gerdts, C. J.; Ismagilov, R. F.,丄 Am. Chem. Soc. 2005,127, 9672. 
[44] Gerdts, C. J.; Tereshko, V.; Yadav, M. K.; Dementieva, I.; Collart, R; Joachimiak, A.; Stevens, R. C ; 
Kuhn, P.; Kossiakoff, A.; Ismagilov, R. F., Angew. Chem.-Int Edit. 2006,45, 8156. 
[45] Shim, J. U.; Cristobal, G.; Link, D. R.; Thorsen, T; Fraden, S., Cryst Growth Des. 2007, 7, 2192. 
[46] Shim, J. U.; Cristobal, G.; Link, D. R.; Thorsen, T.; Jia, Y. W.; Piattelli, K.; Fraden, S., J. Am. Chem. 
Soc. 2007,129, 8825. 
[47] Zhou, X.; Lau, L ; Lam, W. W. L; Au, S. W. N.; Zheng, B., Anal. Chem. 2007, 79, 4924. 
[48] Li, L ; Du, W. B.; Ismagilov, R.,J. Am. Chem. Soc. 132,106. 
[49] Li, L ; Du, W. B.; Ismagilov, R. R, J. Am. Chem. Soc. 132,112. 
[50] Gorg, A.; Obermaier, C ; Boguth, G.; Harder, A.; Scheibe, B.; Wildgruber, R.; Weiss, W., 
Electrophoresis 2000,21,1037. 
[51] Kumar, A.; Srivastava, A.; Galaev, I. Y.; Mattiasson, B., Prog. Polym. Sci. 2007,32,1205. 
[52] Proudnikov, D.; Timofeev, E.; Mirzabekov, A., Anal. Biochem. 1998,259, 34. 
[53] Longbottom, D., Trends Genet 1994,10,107. 
[54] Allen, R. C ; Budowie, B.; Saravis, C. A.; Lack, P. M., Acta Histochem. Cytochem. 1986,19, 637. 
[55] Allen, R. C ; Graves, G. M., Bio-Technology 1990,8,1288. 
[56] Guttman, A., J. Liq. Chromatogr. Relat Technol. 1998,21,1249. 
[57] Xia, Y. N.; McClelland, J. J.; Gupta, R.; Qin, D.; Zhao, X. M.; Sohn, L. L ; Celotta, R. J.; Whitesides, G. 
M., Adv. Mater. 1997,9,147. 
[58] Robb, W., Ann. NY Acad. Sci. 1968,146,119. 
[59] Randall, G. C ; Doyle, P. S., Proc. Natl. Acad. Sci. U. S. A. 2005,102,10813. 
[60] Hatch, A. V.; Herr, A. E.; Throckmorton, D. J.; Brennan, J. S.; Singh, A. K., Anal. Chem. 2006, 78, 
4976. 
[61] Frey, M. D.; Kinzkofer, A.; Atta, M. B.; Radola, B. J.； Electrophoresis 1986, 7, 28. 
[62] Gavira, J. A.; Garcia-Ruiz, J. M., Acta Crystallogr. Sect D-Biol. Crystallogr. 2002,58,1653. 
[63] Garcia-Ruiz, J. M.; Gavira, J. A.; Otalora, F.; Guasch, A.; Coll, M” Mater. Res. Bull. 1998,33,1593. 
[64] Letherby, M. R.; Young, D. A., J. Chem. Soc., Faraday Trans. 1981, 77,1953. 
[65] Thiessen, K. J., Acta Crystallogr. Sect D-Biol. Crystallogr. 1994,50, 491. 
[66] Chayen, N. E.; Saridakis, E.; Sear, R. P., Proc. Natl. Acad. Sci. U. S. A 2006,103, 597. 
[67] Stellwagen, N. C , Electrophoresis 1998,19,1542. 
[68] Narayanan, J.; Xiong, J. Y.; Liu, X. Y., International Conference on Materials for Advanced 
4 7 




CUHK L i b r a r i e s 
_ l l _ l l l 
0 0 4 7 7 9 4 1 7 
